The kinetics of several steps in the microbial denitrification process in Brookston clay and Fox sandy loam, two soils common to Southwestern Ontario, were studied in the temperature range of 5 to 25°C. The extent of chemical denitrification was also determined in otherwise identical but sterilized soils at temperatures up to 80°C. A gas flow system was used in which soil gases were continuously removed from anaerobic soil columns by argon carrier gas. Net steady-state rates of NO and N20 production, rates of loss of N03 , and production and loss of NO2 were measured over periods of up to 5 days. Arrhenius activation energies for the zero-order process NO3-* NO2-were calculated to be 50 + 9 kJ molF1 for Brookston clay and 55 ± 13 kJ mol-1 for Fox sandy loam. The overall reaction, NO2 -+ NO (chemodenitrification), in both sterile soils was accurately first order with respect to NO2f; the activation energy was 70 + 2.8 kJ mol-1 in Brookston clay and 79 ± 1.2 kJ mol-1 in the sandy loam, and the preexponential factors were (2.3 ± 1.2) x 109 and (5.7 ± 1.2) x 109 min-1, respectively.
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In recent years a number of publications have reported on the effect of temperature on denitrification in soils (1, 2, 5, 6, 9-11, 13, 20, 21) . Generally most studies have focused on the effect of temperature on either the overall loss of NO3 or the accumulation of nitrogenous gases over static soil systems. Several of these emphasized the effects of temperature on the relative proportions of nitrogenous gases produced (1, 2, 9) . Earlier studies by Nommik (16) and by Bremner and Shaw (4) suggested that the optimum temperature for biological denitrification was in the range of 60 to 65°C. The more recent results of Keeney et al. (11) indicate that this optimum temperature is too high for biological denitrification and that chemical reactions may dominate at temperatures above 50°C. They suggest that a combination of biological and chemical processes at these relatively high temperatures results in an apparent optimum rate at 60 to 67°C.
In our flow system (14) , most of the evolved gases are quickly purged out of the soil when argon is used as the carrier gas, thus reducing the rates of their subsequent reactions. This permits us to more easily measure rates of some reactive intermediates.
In this paper we report data on the effect of temperature on several steps in the denitrification process for two 
MATERIALS AND METHODS
The soils from which samples were taken for use in the investigation are situated in southwestern Ontario and are typical of those developed on water-sorted parent materials of glacial origin ( Table 1) .
The methods and materials used were generally as described previously (14) . Briefly, the apparatus consisted of a gas flow system whereby a constant flow of water-saturated argon stripped gases evolved from anaerobic soil columns. These columns were Pyrex tubes, 2.5 cm (inside diameter) by 40 cm long.
The gases were analyzed for NO and N20. Corp.) to remove soil bacteria. The filtrates were then stored in the dark at 4°C for later analysis. Storage of filtrates under those conditions had no effect on the subsequent analyses (14) . In the third series of runs, sterile but otherwise identical soil was studied to measure the chemical rate of N02 disappearance. Sterilization of sieved soil was obtained by autoclaving at 123°C and 18-lb/in2 pressure for 35 min. After sterilization, enough freshly prepared NaNO2 solution, -9 X 10-3 mol of N dm-3, was sprayed quickly and as uniformly as possible on the soil to bring the concentration up to -1.6 x 10-7 mol of N g of soil-1. The soil was thoroughly mixed and divided into subsamples, which were then packed into the columns and subsequently made anaerobic with argon. Nitric oxide was then monitored for periods of up to 31 h with occasional checks for N20 production. Nitrite loss was also obtained by analysis for NO2 in aqueous extracts of soil taken at the beginning and end of the run. In one case, using sterile FSL at 80°C, N02 was also determined at a number of time intervals to compare the kinetics of N02 loss to NO production.
Methods of analysis, estimates of random errors, and other details are generally as described previously (14) ; however, in the current investigation the method developed by Cox (7) L s T Reactions 1 to 4 are known to occur through biological enzymatic processes, whereas step 5 is added to account for chemical reduction of N02 . The kinetic differential equations relating to the N species in each step in the overall mechanism are given by McKenney et al. (14) .
The removed as compared with the quantity remaining which undergoes further reaction is independent of the flow rate (14) . Thus, a steady state is obtained where the N transformation rates remain approximately constant for periods usually considerably longer than that required for NO or N20 analyses or for the time required to withdraw soil samples and filter the subsequent aqueous extracts for N03 and N02 determinations. These reaction rates, however, change slowly over periods of several hours, reflecting changes in substrate, carbon, enzyme, etc., within the soil (13, 14) . (19) showed that for many soils zero-order kinetics applies unless the supply of N03 to the soil is limited by diffusion from overlying flood water or the reaction is limited by the supply of available carbon. Also, Michaelis-Menten kinetics may apply to this system, in which case zero-order removal Rate constants, k1, obtained from the slopes of the curves shown in Fig. 1 are plotted in Fig. 2 according to the Arrhenius equation, ln k1 = ln A -EIRT, where A is the preexponential factor, E is the activation energy, R is the gas constant, and T is the temperature (K). Good linearity is shown and the results can be expressed as k1 = 0.18 exp(-50 kJ mol-1/RT) mol g-1 min-' for BC.
(ii) FSL. The carbon content in FSL was considerably less than that in BC (Table 1) , as was NO3-, [NO3-1 -3 x i0-mol g-1 (-4 ppm of N). Although more scatter was observed in the NO3-analyses, the data (not shown) appeared to follow zero-order kinetics over most of the time period, with correlation coefficients (r2) ranging between 0.923 and 1.00. First-order plots were also linear: r2 = 0.945 to 0.999. More significantly, however, N03 concentrations at all temperatures were depleted to no less than 0.5 x i0-mol g1 (-0. increases to a maximum, with the most rapid increase corresponding to the highest temperature. The maximum concentration obtained also increases slightly with increasing temperature (i.e., 1.03 x 10-7 mol g of soil-1 at 4.9°C to [NO2j were obtained from the initial slopes of the curves, assuming linearity from time zero to the first point shown on each curve in Fig. 3 . These rates, obtained before N02 accumulated significantly, were expected to be approximately equal to the rate of loss of NO3-at each temperature. The rate constants (slopes) are also plotted oh Fig. 2 for comparison with the data obtained directly from the soil [NO3-1 removal plots. Excellent agreement is shown at the lower temperature, but as the temperature increases an increasing discrepancy appears. The rate constants estimated from NO2 production are greater at the higher temperatures than values obtained from the soil [NO3-] loss curves. Although the reason for this is not obvious, the shapes of the curves in Fig. 3 show that the net rate of change of NO2 concentration is strongly time and temperature dependent. The time dependency points to changing suibstrate, carbon, or enzyme levels and precludes extraction from this data of a meaningful rate constant for biological N02-removal. It is possible, however, to measure the extent of chemical denitrification (chemodenitrification), k5, and thereby deduce the relative importance of the chemical versus biological NO --to-NO process in these soils.
In sterile BC soil N02 is reduced, forming NO. A number of analyses were made to determine whether N20 was also produced in sterile soil. None was detected although the minimum detectable level of N20 in gas samples analyzed by the gas chromatograph utilized under our operating conditions was 1.0 ppb (vol/vol longer times in Fig. 4 results from the least-squares weighting procedure (8, 15 pg of N g-1, they determined activation energies for van Slyke-type N2 production of 45.6 and 52.7 kJ mol-1 for unfrozen and frozen soils, respectively.
(ii) FSL. The overall pattern of production and loss of N02 in FSL (Fig. 5) was similar in many respects to that observed in BC (Fig. 3) Fig. 3 . The rate of change in fNo is most pronounced at high temperature, whereas at 50C fNo changed very little over a period of up to 8,000 min (Fig. 6 ). At the two lowest temperatures, the relative constancy in the measured net NO production rates indicates very slow changes in substrate carbon or enzyme levels, whereas at the higher temperatures the changes are more rapid. Thus, determination of an accurate activation energy is precluded.
(ii) FSL. Curves showing net production rates of NO versus time at five different temperatures are shown in Fig.  7 . At all temperatures a very rapid decrease in fNo occurs after initial increases. It appears from the shape of the curves that potentially maximal fNo values were not yet reached before the rapidly decreasing phase. In all cases, the time when fNo began to decrease was later than that for the corresponding phase of rapidly decreasing N02 concentrations (Fig. 5) , indicating that NO production from residual N02 continued during this period. In contrast, in BC, where N03 disappearance persists (Fig. 1) , net NO production begins to decrease (Fig. 6 ) while [NO2f] continues to increase (Fig. 3) . Another set of runs was carried out with FSL collected in late summer from the same site as the previous sample. As in the first set of runs, NO and N2O were monitored over a period of about 2,000 min at four different temperatures between 10 and 25°C. Nitrate concentrations in the later sample were higher (6.7 x 10-7 mol g-1 [9.4 ppm of N]) than initial concentrations of 3.0 x 10-7 mol g-1 (4.2 ppm of N) measured in the soil sample collected earlier. With this soil, the decrease in fNo occurred later in time after the true maximum at all temperatures, but otherwise patterns similar to Fig. 7 were obtained. Accurate Arrhenius parameters for fNo could not be obtained for sandy loam because of the rapid changes in rates.
Nitrous oxide production and loss. (i) BC. The activation energy for net N2O production was reported in an earlier publication (13) . The pattern offN2o behavior as a function of time was very similar to that observed forfNo (shown in Fig.  6 (ii) FSL. Figure 8 shows net N20 production data as functions of time at the various temperatures. Similarity to the fNo curves is evident (Fig. 7) . Decreases occur rapidly, but are significantly delayed for various periods after NO decreases. Compare columns under series 1 in Table 3 . It is clear that N20 production continues provided residual NO remains in the soil.
With the sandy loam sample collected later in the summer (data not shown), decreases from observed maxima occurred at later times and at values presumably closer to potential maxima.
It is interesting to point out that the relative accumulated amounts of N20 to NO produced are very significantly dependent on temperature. Figure 9 shows the ratio of total output of N20 to NO versus temperature for FSL. Apparently the ratio increases directly with temperature. The increase is likely explained by a difference in activation energies for the processes governing production and loss of the two substances.
All Arrhenius parameters are reported in Table 4 Fig. 4 , the rate of NO formed chemically when NO2 was at its maximum concentration (Fig. 3 and 5) is estimated to be -1% of the total rate,fNo, formed in sandy loam (see Fig. 7 ) and -46% of the total rate in BC (Fig. 6) . The latter estimate is in good agreement with our earlier estimate (14) .
Without having considerably more detailed information concerning specific mechanisms, attaching any theoretical significance to the preexponential factors listed in Table 4 (akl) were derived by using Mortimer's (15) expression as ork, = (N/D)112 UNO3-, assuming (UNo3-= ±2.5% (14) .
b From McKenney et al. (13) .
Comparison of the Arrhenius expression Ae-EIRT calculated for each process at 20°C given in Table 4 leads to the following conclusions. Nitrate loss is approximately twice as fast in FSL as it is in BC. Chemical loss of N02 is a factor of 16 times slower in the sandy loam, and therefore, from a comparison of the data presented in Fig. 3 and 5, loss of N02 by biological processes in the sandy loam is much faster, in this case six times the rate in BC.
Surprisingly maximum net rates of production of nitric oxide and nitrous oxide are both greater in the sandy loam by factors of 1.8 and 1.7, respectively. In an earlier relatively long-term field study (12) , N20 evolution from BC was generally observed to be about one or two magnitudes greater than rates measured over FSL. This would suggest that, in the field, aeration was more restricted in the BC, which is fine-textured, poorly drained soil, than in the coarse-textured FSL.
The temperature dependence offNo andfN2o may be quite similar in both soils, although rigorous comparison of the two would require further study with FSL containing more substrate, either N03-or carbon or both. Presumably, more substrate would allow the reaction to proceed for a greater length of time in order that potential maximum rates would be obtained at all temperatures.
By using our gas flow method we have been able to determine the temperature dependence of several steps in the denitrification process. Precise control of carbon and bacterial levels in these soils would also permit evaluation of Arrhenius parameters for biological N02 loss and net NO production rate. The latter intermediate is very reactive and therefore has proven difficult to measure in the past. The Arrhenius parameters we have obtained should eventually prove useful for developing realistic models for simulating nitrogen transformations and transport in soils.
